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TECENICAL NOTE NO. 626

STATIC THRUST ANALYSIS OF THE LIFTING AIRSCREW

By Hontgomery Xnight and Ralph A. Hefner
STUMMARY -

This rej§ .}t presents the results of a combined theo-
retical and :§perimental investigation conducted at the
Georgla School of Technology on the static thrust of the
lifting alrescrew of the type used in modern autogiros and
hellicopters.

The theoretlcal part of this study is based on
Glauert's analysis but certain modifications are made that
further clarify and simplify the problem. Of these changes
the elimlination of the solidity as an independent parameter
18 the most%t important.

The experimental data were obtalned from tests on four
rotor models of two, three, four, and five blades and, in
goenoral, agreo quite well with the theoretical calcula-
tions.

The theory indicates a method of eveluating scale ef-~
fects on 1lifting airscrews, and these correcotlions have
been applled to the model results to derive general full-
scale statlic thrust, torque, and figure-of-merit curves
for constent-chord, constant-incidence rotors.

Convenient charts are included that enable hoverlng-
flight performance to be calculated rapidly.

INTRODUCTION

The problem of greater safety in flight 1s today com-
manding nore and more attention. Two different methods of
attack are belng developed, at present. One of these con=~
sists of improving the conventlional fixed-wing airplane *:
through such modifications as Handley Page slots, wing
Profiles giving smooth maximum 1ift characteristica, me%h—
ods of obtalning more complete rolling and yawing control’
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in stalled flight, and other epeclal devices. The alterne-
tive mothod 1s that of devoloping a typo of alrcraft in
which there willl always be relative motlon botween the 11ft~
ing surfpoces and the air, regardloss of the motlion or atti-
tude of tho aircraft as a whole. This type is exemplifioed
by the cutogziro and the various experimental helicopiors,

of which the Bréguet-Dorand is t1é most outstanding recent
exanple (reference 1),

In order to investigats the possidilities of—the
rotating~wing type of ailrcraft, a general study of the ver-
tical motlon of the 1lifting airscrew hes been undortaken
at the Danlel Guggenheim School af Aeronautics aof the .
Georgia School of-Technolozy. This project ls recelving
fipancial suvport from the Hatlonal Advisory Committee for
Aoronautics and the State Engilnesring Experiment Station
of Georgzia.

The purpose of thls report 1¢ to present the results
of the first part of this investlgation, whilch covers tic
phese of mtatlc thrust or hovering flizht of the hoelicop-
ter. Glauert's assumptions (reference 2) furnish the
background for the theoretical portion of the study. How—
ever, the induced velocity through the rotor is defermined
on the .basls of vortex theory rathor than by uslng the con-
cept of thée "actuator disk." Thisg changé has besn made ™
because the vortex theory offers a much clearsr picturo of
the mechanlism of airserew thrust without meterially con-
Plicating the derivation of the induced veloclty egquation
which 1ls ldentical for both methoda.

The szporlmental part of the analysis providos numer-
lcal values of such paremeters as are ‘esgentially empirical
and serves to show the agrsement between the calculated and
actual velues of thrust and torque for four different ro-
tor models.

STATIC THRUST ANALYSIS

Bagic sgsumptiopg.- In treatlng the copplex problem
of the liftling airscrew, 1t is necessary to make the fol~
lowlng elmplifying assumptlons: _ oL - .

1, The number of blades may be taken as infinite.

2. Induced angles of attack are sufficlently small
g8o that the angle may be substituted for the
sine and tangent, and the coasine replasced by
unity.
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3. Rotational and radial components of velocliy and
tip effects may be neglected.

4, The slipstream contraction may be neglected.

Induced veloclity.- The first step in the statlic thrust

analyeils is to determine the downward veloclty induced by
the motion of the blades. In the simplest case, each blade
of the rotor may be replaced by a rotating lifting line from
the ends of which spring trailing vortices. The tlp vortex
will obviously form s helix in spaco while the vortex ema-
nating from the blade root will be concentric with the axls
of rotation, and in the present discussion its effect will
be neglected. . S

Since we are assuming an infinite number of blades the
problom conslsts of determining the veloclty induced nor-
mal to the plane of the rotor by a cylindrical surface of
vorticlty, bounded on one end by the rotor and extending
dovnward to infinity. Figure 1 depicts this cylinder with
its top in the xy plane and its axis coincident with the
<z axis. The ring s of width dz 1s an elsment of this
surface normal to the axis. : )

If we take the total circulation produced by the rotor
blades as I', +the circulation strength of the ring =

willl be %% dz, &and by neglecting higher order terms the

ring becomes equivalent to a ecircular vortex element of

radius R. It will be noted that %% =' congtant.

Now the potential at a point P due.to a closed vor-
tex olgment may he expressed in the following_form_(reier-m
ence 3): - ' )

= = W
¢P 47
wherse T'' 4ia the circﬁlation about the element
and w is the golid angle at P subtended by the

olement

Thus, if the point P be in tho plane of the rotor,
as shown in figure 1, we may wrlte:

ar dz
a0p = 42w
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wvhere w 18 the s0lid angle at- P subtended by the vortex
ring 8. The total paotential at P willl then Dbe

= &z [ ' 1
¢P 4 . w dz (1)
f.
. @y}
The veloclty at P, due to &, mnormal to the rotor

plane, may now be obtained by differentiating with respoct
to =z: - - .

ar T B ]
wp = %% = —%ﬁ— [W(Z?) - w(zl)]

and for the ontire cylinder where Zg = - © and 2, = 0:

w(Zg) = 0 and w(Z;) = 2m

) = - 3 8L o 2
. Yp. 5 an consta#t - (2)
It ig important to note also that at the polnt ' 1in the
plane of the rotor but bsyond the blade tips, wzza) =

w(Zy) = 0 and

. « v Wyt =0 T €0
Thus we have established the fact that the vortical com-
vponent of induced velocity is constant gver the rotor
disk since I' = constant. Moreovar, outside the disk thie
componont is zero. It should also be observed that, 1f
tae point P 1is moved downward inside the vortex cylinder
to a graeat distance from the rotor disk, the solid angls
gsudbtending it will become 41, since the cyllinder may
thon be considered doubly infinite in extent. OConsequoent-
ly,

. e = - = — 4
W, g (4)

N by

thus corroborating tho woll-~known fact that the slipstrcam
velocity in the plane of an sirscrew is half that at a
large distance downstream.

To investigate the goenoral case of the induced velocg-
1ty due to any distridbution whatsoecver of the circulation
along thie blade, we may proceed as follows. OConsider a
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"blade element of length ‘dr at & distance r from the
- axis, as shown.in figure 2. Let the circulation at be
I' The circulation at r + dr will then be (L + i dr).

According to equatlion (3) the 1ndu£ed velocities out-
8ide the resnective cylindrical surfaces will be zero.
whereas gigg they wlll bYe

ar
o1 a(l* + i dr) _ .
2

ds

n -

EE from r to 1 + dr
dz

and

E |
1

2 {4z az

~
- - s .

. ir e & 4 o e
L [iﬂ - ( dr r)] =0 from O te T

these results being obtalned by neglecting the higher order

infinlitesimals.

This simple. demonstration verifies the independende

" of .airscrew blade elements, which 1s a customary assumption

in modern airsorew analysis.

Having obtained the induced-veloclty relationships'due_

to the vortex fleld, we will now derive a general .expres-
slon for the circulation T’ as a funoction of the blade-

profile characteristics. GConsider an element of & blade of

length. dr at & dlstance r from the axis of rotation.
The thrust on this element will be - ..

dT = p = P Qr dr = g Oy, 0® r® ¢ ar (5)

where B ie the number of blades

¢, blade chord

1, angular velocity

Making the customary assumption thet C; wveries linearly

wlth angle of attack o, we may write with the aid of fig-

ure 3

= a, (6 - o)
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where -4 ig the.lift curve slope for two-dimensional
flow
6, blade incidencs angle

®, ten™"?! = induced angle of flow

s w
Qr Qr
From equation (5) we may now write the circulation as

r=2Ca; (0 ~0)ar (6)

The distance between successive turps of the vortical he-
lix is .

sin @

3
=N
]
o
wF
H

i

o
ol
Rk

and slnce - Al
dz Bd

we obtain from- (6) that~

2w = - -
" 2nw
£2 B
B . _
or w2 = %3 :; (8" o) O%r (7)

In this analysis we shall confine ocurselves to the case of
blades of—constant chord and hence the rotor solidity, as
usually expressed, 1ls ) ’

Putting . x = _%

-’
1

g

"
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equation- (7) becomes:

a2
w =T % @ - = o° 7
<9-3x> 8x ( ¢? @ (7)
or
q>a+ca° -O'a.°6=o

8x 8x

The useful root of this quadrétic is

a
q,:.l_(_z_iq+/(°ao> e a (%Y
2 v 8x 8x 8x » |

Dividing both sides Py o we obtain:

a . -
o 1] /(s +u ()2 2]

4
and putting s} = 2
(o) o -
6 ]
c = T
we have

vk (/@ ey @

which i1g identical with the result obtainable by the use
of the momentum equation, 1.e., the "actuator disk" method.

It should be noted that egquation (8) is a general exe
preseion for the induced flow angle in terms of the radius
varieble x and the two parameters 65 and a,. However,

& 18 substantially constant, varylng but slightly wilth
profile thickness and Reynolds Number. Thus, equatlon (8)
effectively glves K ®g as a functlon of the single parame-

ter 65, which results 1n a marked simplification  -of the
anaelysis as originelly presented by Glauert (reference 2).

In the first part of the previous analysis each blade
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was replaced by & lifting line, i.e., I = constant.
Therefore, equation (6) may be written:

B B
D=3 8, (6 -9)0r =35 a, (8, - 9,) OB

or (8 - @) r = (6 - p) R

where 9° and @, refer to fthe tip of the blads, but
since o = w/Qr

(- )= (o - 302

) .9=-E§ (9)

This is the varilation in 6 along the blade that is re-
quired to give constant c¢irculation and uniform induced
veloclty. Over the effective vortion of the blade

1 e 1 6
> =, 8 = -9 _ 2o ,
x T’ tan - (approx.)

which defines the screw surface described by each blade,
if 1t were moving in a solid medium. Therefore, equation
(9) may be considered to represent the "constant pitch"
eirscrew, and the induced angle function becomes

-3 [ /O e (Do -] oo

(o]

For the type of rotor with untwisted blades, i.e., constant
lncidence -

ook [/ e8] au

where GG = constan?t

Thrugt.~ The thrust produced by the rotor may be ex-
pressed as follows:
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where GT 1g the nondimensional thrust cosfflclent.

To determine the thrust in terms of the rotor parame-

ters, we wrilte:
R

Bc-/ oy, Q® r® ar
2
L4

[« B

2
Be B FO /f (6 - wz n® x® ax

, ©

- - a

Cp =0 a.OJ/n (6 - o) x
o

e
L}
io

]
njo

or

c - .
I / (05 - 9g) x (12)
This new thrust coefficient will be designated as
c .
- T
TO‘ - = ZE

For the conatant pitch rotor

o (%)
- *’° (8, = 95 ) (13)

where ¢G° [ J/ ( + 4 (%?) eco-- %?}

And for the constant-incidence rotor

N O Y CRTIC T

o]
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and upon integrating
3 1 5 A®
_a{lo 1 (e 1 A~ (_g\ A~
Iy = ao{ 5 Y2 \s/ " s /a 5—[ 6 8/ 3
16 6 <-89-)

2]
where A = ‘/(5-3-); + 4 (589-> 8g

Torgue.- The rotor torque may be written as

Q g n % 0° B® oq

nondimensional torque coefficient .

Cq
The torque may be divided into three parts analogouse to the
partition of drag on an alrfoll. These are:
1. Induced torque.

2, Minimum profile torque.

3. Proflle variation torquae.

The induced torque due to the inclingtion of.the alzr—~

foll 1ift vector, figure 3, 1is
'R
qi = % Be // GL sin o Qa 2 ar
° 1
Be R* aq // @ (8 - o) 0? x® ax {(approx.)

I
o

(o]
1

or o) =0 a ® (6 - ¢) x3 dx
Q‘i O'/. ®
o
The minimum profile torque is

& _
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Qg =—2~Bc/808'r3dr o .

[
2
™
"
<N
M

or C
QS
where 8§ = CD . — o —

Agsuming that the profile drag variation mey be ex-
pressed as

where € = consgt.

The proflle variation torque may be written as

’R
Be // € o® 0f 3 ar

Q
1
2]
%Bcn‘ ef(e—m)an z°
'o .
il a
o eJ/ (6 - o) =° ax

L]

For the constant pitech rotor the total torque coeffi-
clent may be expressed in the new form to eliminate o as
an lndependent parameter as follows:

. N
) o ’
Qg:a_% a_-sg-/ x3 dx + E/ (.__Q...q30_> x3 ax +

/ Ve (e__ - qoc x3 dx (15)

O
it
pjo

or GQ
o)
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But since

s LR L RVACY IR CORIEE )

(o]

& € 2 a, f )
. - - uad * -
Qo- = 40_'5 + > (960 ¢o-o> + > cPo'o ,\90- cpo-o (16)

o

In like manner the torque coefficient may be obtained.
for the congtant incldence rotor as

% = s
a =]
+.§{.§._.+§ iQ)..l‘. 5'_89.) 1— —
2 L2 8 2 -~ 8 /8,
16 84 \—8-)
[é: - (20 ) éi + 2 53)7] } -
4 <8 21 8 N
8 ) 3 B8 A-? a 8‘.5
- 20\ 4 (E_o_ T l-._+2(_£) A _
{4E°<a) 2 a)- 6.3 &‘L? 8 5
~ 8/
. 7
S (Be) 4 s 28 (% ]}
<e/ 4 10 8¢ (17)

where, ag in the thrust equation (14)

ARG

Fipure of merit.- Since far the condition of statlc

.. thrust the rotor is not moving in transletion, the ordi-
nary concept of .effilclency must be modified in order tode—
vise a method of measuring the "lifting efficlency" of the
helicopter airscrew. Glauert in refersnce & has designated
this criterion as the “figure of merlit" and has defined it
as

¢ 3/8
H| = —E——-—‘-— -
%e
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This expression may be arrived at by noting that

¢ Gp 02 B

P Cq a® r® -

where P 1is the power applied %o rotor; and to eliminate
the tangential velocity (R, we may wrlte:

a
T3/2 - CTE/ - ou
P c -
Q

and in terms of the new coefficients

Cp 3 /2
<E§> T2
Ml — = (18)
(Eg Qo

\0'3

The theoretical maximum or ideal value of M would
occur if 8§ and € were zero and its value may be ob-—

?ai?ed eagily for the constant piteh rotor. Referring to
7a),

a
89 (Bco - ¢°o) = 8 s,

_ %o (BUo - ¢G°> — 2
To’ - -~ 2 [ 4 - 4q)o-
Py <Gc - %5 )
0 o o’ _ 3
O = = 4%g
i e e
a/a
Q il
or = ——
o 2
and hence M'I = 2

The ideal figure of merit for the constant lncidence
rotor is not a constant and cannot be easily obtained as
an analytical expression. However, the numerical values
have beon computed and these are given later.

a
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Tho flzure of merit may be defined on the basis of uni-
ty, as in the usual definition of efficlency by writing

and this farm will be used in the subsequent dlscussilon.
EXPERIMENTAL DATA

In order to obtain the values of the airfoll varame-
ters appearing in the theory and to enable the calculated
valuos of the rotor coefficients to be compared with teosts
on actual rotors, two sets of tests were made in the 9-
foot wind tunnel of the Daniel Guggenheim School of Acro- )
nautics. :

Rotor model tegtg.- Four rotor models having two, s
three, four, and five blades and a diameter of 5 feet, -
were tested. Five blades and three hubs.were used. The
blades were identical and interchangeable, thus maeking
posslble the four rotor combinations. . -

The blades had the N.A.C.A. NOL5S symmetricel profile
(reference. 4) and were of 2-inch chord from the tip to a
radius of 5 inches. Fram this point they were falred into
a */4-inch circle -at a radius of 1.5 inches. The diameter
of the hubs was 3 inches. Horizontael hinges were locabed
in the aub at e radius of 1 inch fo vermit vertical artic- _
ulation of the blades. 4 split sleeve with clamping screws
at the lnner cnd of each blade enabled the blade incidence
to be changed. The blads plan Torm was stralght and thore
was no tuist. "

In order to prevent any tendency to twist when in op-
eratlon, the blades were statically balanced about the
quarter~cherd point by using o steel leading edge recessed
into the laminated wood of the blade and the quarter-chord
line was radial, The hlade tip in cross sectlion was semi-
circular,

The vorious rotors were mounted on the frame of the
wind-tuanel balance as shown in flgure.-4. The rotor drive
shaft was horizontal as shown, and was 12 inches long, -
terminating -in & small .gagr Box at -the center of the tun-— )
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nel jet. Thils gear box was held by a torque tube support-
ed on a tripod attached to the balance frame and extending.
below the jet to & motor-driven worm and pinion, enabling

the angle of attack of the rotor to be varied through 360°.

Inside this torque tube was the maln drive shafi which
was turned by a l-horsépowsr 3-phase inductlon motor’ -
through a V-belt drive. Since all this equipment was
mounted on the six-component balance frame, 1% constitued
8 dynemometer capablée of measuring the thrust and torque on
the rotor for any position of the model,

The slx-component balance of this wind tunnel wupon
which both the rotor and airfoll tests were made, ls some-
what unusual in that it utilizes a hydraulile method of
transmitting the forces to a central point wherg thg _are
automatically balanced.and indicated pneumatically The
U frame which holde the model 1s held in place by six tubu~
lar struts, each of which terminates in a hydraulic cell,
These cells conslst of a shallow cylinder containing a
loose~fitting plston. The 1/8—inch annular space between
the piston and cylinder is covered with 0,020-inch thilick
pure gum rubber, thus providing a tlght but substantially
frictionless seal. The cells are completely Filled wilth
distilled water and the pressure duse to the force applied
on each cell is transmitted through small copper tublng to
identical cells mounted on the frame shown in the right
background of figure 4. Here the forces are combined by a
rigld connection between the plstons of the appropridﬁe
cells so as to give the total force. These forces are in
turn applied to the pistons of similar cells actuated by
alr, end the pressuresin these air cells aré cofitrolled
automatically by means of special piston-type valves which
apply elther pressure or vacuum to the cells, denending
upon the direction of the forces. Since the pressure {E
each alr cell at any time is a measure of the particular
force applled to 1t, these cells are tapped and the pres-
sure trensmltted through rubber tubing to a manifold which
is fitted with six valves. From this manifold another rub-~
ber tube goes to an addlitional cell unit of the same type
mounted on the platform of a dial scale. Thus a single
operator may read all the forces in any desired sequence
by opening the appropriate manifold valves. The sensitiv-
1ty of the talance can be changed by substituting balanec-
ing air cells of different eizes or by using water or al-
cohol manometers in place of the dial scale.  Forcéd ad
small as 1 gram or as large as 150 kilograms can be meas-
ured with the present arrangement. This range could easi-
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ly be extended. The syetem is practically nuvll in opera-
tion, sineco the maximum movement of-the balancée frame is
never greater than about 1/64 inch.

The balance has proved quite satisfactory over a peri-
od of three years, the only attention necessary being an oc~-
caslonal replacement of the rubber portions of the dla-
Phragms and cleaning of the piston valwse. It hag proved
to be convenient and flexidble in its operation, since it
not only enables & single operator to make gll ordinary
tosgts but 1t 1s also possible to move the indicating mech-
anlam wherever desired.

The average rotational epeod of the model rotors was
approximately 960 r.p.m« This varied slightly with the
number of blades and with the incidence because of the in-
duction motor slip and the creep of the belt drive under
load, but not sufficiently to cause an appreciadlc change
in Reynolde Kumber. The speed readings were obtained dy
means of an ordlnary hand tachometer and stor watch, the
average of three 30-gecond regdings being used.

In order to obtain consistent and reliadble thrust and
torque readlngs, 1t was found that certain precautions had
to be taken. ‘It was necessary to set the blade-incldence
angles within plusg or minus 0.05°, This was fipally accom~
rlished with tho &1d of the spparatus shown in figure 5.
The rotor hubd was clamped rigidly. to a harizontal support
and the tip of eocach blade in turn was attached by a spocial
clamping dovice to a sensitive inclinometer mounted qn ball
bearings and counterweighted so that it imposed no restralnt
on the flexlible blade. The inclinomater was soneitive to
withln ono minute of angle.

There was found to. bo a slight lack of uniformity in
the blades due to warping. Since, for uniform resultm, it
was necessary to set the blade angle with respect to the
zero thrust angle, the thrust curves of eaech blade were ob--
tained Ry running them singly with a balancing countor-
welght. Two of the blades showed no offective twilst and
the worst one had a twist of 40 minutes. In making the fi-
nal tests these twlat correctiomns were usecd in setting tho
blade angles. ’

Various posltions of the madel with respect to the
tunnel wero invostigatod and tho- final position chosen was
that shown In figuro 4 with tho slipstream toward the loft
since 1in thls position no interforaonco effocts weroc appar-
ent.
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The proclsion of the meassuroments was as follows:

Thrust . . . . . . . . *£1 percent
Porgque . . . . . . « 1 percent
Minimum torque . . . +2 pércent
Rate of rotation : . ii_porcent

Blade 1lnclidence angle +0.05°

Alrfoil tegts.~ In the above mathematleal analysis,
the alrfoil profile characteristice of the rotor blades
were assgumed to be as follows:

GL = 8, @

GD +€Ga

o]
D
Omin

0

where o« 18 the effective angle of attack of the alrfoil,

In order to obtaln guantitative results from the the-
oretical equations of thruset and torque, 1t wes necessary
to-determine specific values of a, and cDo in’ both of

min
which are functions of the Reynolds Number. This was done
by testing an airfoil of N.A.C.A. 0015 profile in the wind
tunnel at approximately the same Reynolds. Number (242,000)
as that of the rotor-blade tips. This airfoil.had 8 gpan
of 6 foet and a chord of 6 inches and was mounted 1n the
wind tunnel as shown in figure 6, which is a view of the
set-up looking in the upstream direction,

The model was supported on a streamlined fork located
at the midspan and quarter-chord point and on a small oval
rod which was connected to a short sting attached to the
trailing edge. This latter rod was actuated by a push~
pull rod sliding inside the torque tube which held the
fork and was attached to the balance frame. The push rod
was actuated by a second motor-driven worm and pinion mech-
anism permitting remote control of the angle of attack.

The angle readings were effected by means of a simple dl-
rect-current bridge system with the galvanometer and the
adjustable leg of the bridge mounted on the balance~control
table. '
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The balance frame and the model-supporting tripod were
shielded as shown to reduco the tare forces. Those taro
forcos were measured with the model supported at the tips
and with the fork and incldence rod in place but not touch-
ing the alrfoll and were found to be zero for the 1lift and
about 60 percent of the minimum profile drag. —

The air flow in the jet is reasonably smooth and uni-
form owing to the. 5 to 1 contraction in the collector.
The verlation of dynamic pressure over the span of the mod-
el is within plus or minuzs 1 vorcent. 4s previously men-
tioned, the Jet 1s 9 feet in diameter and 12 feet long,
and the model i1s located with its quarter-chord point on
the laterzl axis of the balance, whidh is a feet downstroam
from the sntrance cons. -

In these tests the dymamic pressure was held constant
by means of an alcohol manometer connscted to four statlc
Plates loéated in the lgrge section of the entrance cone,
the static plate pressure having been previously calidbrat-
ed agalnast pitot surveys made in the model position.

The precision of measuremonts irn tho airfoll tests
was as. follows:

Lift . . . .. . =1 vercent
Drag . . . . . #1 percent
Hininum drag .. . ¥2 percent

Velocity . . ... % percent

Angle of attack =0.05° -

Roduction of data.- The farmulas used for reducing the. _
thrust and torque weasurements from the four rotor tosts
ara &s iollowaa

o = 2T
Yo xR O =
Crp
Py = --= -
o e
gt = ( E-Q.__é 1 .
Q ‘o w " Q° »° 4 - -
C 8 )
as! = - —=n
< <Eg e
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The thruet and torque coefficlents Cp and GQ', re-

spectifely, are pletted againat angle of blade incidence
in figures 7 and 8,

Reduction of the data from the alrfoll tests requires
an interpretation of the wind-tunnel Jjet boundary effects.
4 study of the data revealed that the interference of the
bYalance shielding was appreciable and, in an attempt to
evalunte this interference, the work of Tenl and Taina
(reference 5) on the boundary influence of partlal enclo-
sures consleting of circular arce, was consulted. It ap-
Peared that the balance shielding had an effect equivalent
to an arc enclosure of approximately 145°%, which results
in a gzero correction for induced drag and angle of attack
but a balance alignment correction of about 0.30° due to
the upward inclination of the air stream produced by the
boundary. This alignment correction was, therefore, ap-—
Plied to the orlginal force test data. The results were
then corrected to infinite aspect ratio by the customary
formulas (reference 6). However, & small asynmetry re-
malied, the inverted tests gilving slightly hlgher values
of lift and dreg, and 1t was therefore necessary to draw
an average curve between the polnts. Figure 9 shows
these flnal curves with the minimum drag coefficient sub-
tracted from the total profile drag to glve the profile-
drag variation curve required for the determlnation gf_ €a

COMPARISON OF THREORY AND EXPERIMENT

Thrugt.~ The experimental values of the new thrust
coefficient Ty are plotted against 65 in flgure 10.

This figure shows at once that the assumption of ‘an infi-
nite number of blades and the elimination of o as an
independent parameter are fully Justified since the points
for the four rotors of solidities 0.0424, 0.0636, 0.0849,
and 0.1061 all fall very cloesely on a qingle curve with
the exceptlon of the high incidence values where the pro=-
file 1ift curve no longer sepproximates a straight line.

In filgure 9 1t will be seen that & mean value of the
1ift-curve slope for infinite aspect ratio 1s 5.75 per
radian. Using this value in equation (14) the theoretical
thrust curve, also shown in figure 10, waé obtained and
indicates a falrly good agreement between theory and ex=—
periment except for small values of 84.
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Porgue.~ In order to obtain a single curve to define
the static torque characteristics of the helicopter, it 1is
evident from equations (16) and (17) that we must plot

(Qo" Zig) vs. 0Og. In figure 11, therefore, the ex-
P ; s+8u-8 L4 relorse,

perimental values Qg' are plotted against @, and here

again we find that the polnts for the different rotors
fall on a single curve with the exceptions notod above for
thrust.

. In order to obtain the theoretical curve, it 1s nec-
esgary to determine the wvalue of €, the coefficient of
proflle—~drag variation. This velue, as shown in figure 9,
is 0,756 et the Reynolds Number of the blade tips. This
flgure shows also that the assumed parabolic variation of
profile drag is Justified at least for this Reynolds
Number. T

Using the value of 0.75 the torque coefficient curve
was obtained as shown in figure 1ll. This curve falls be-
low the experimental curve, but—by increasing ¢ +to 1,25,
excellent - agreement 1s obtained.

4 coreful analysis of the assumptions has rovoaled
that the only one which night account for the thruet and
torque discrepancies is that of neglecting the slivpstream
contraction but further study is required on this point.,

Ags o matter of interest, the experimental values of
thrust and torque are nlotted against each other on loga-
rithmic peper in filgure 12, and indicote that the follow-
':nﬁ simple relation holds quite closely for the model

estss

Qg! = 0:72 TGP/P

The thrust and torque coefficients are also plotted on
rectangular coordinates in figure 13. .These results show
that the theoretical values of thrust are constantly higher
than the experimental values eslthough the curves are of the
seme general shape. The approximate equation gives excel-
lent agreement with the experimental curve up to a Qg! of

about 5., Beyond this point the approximate values of
thrust exceed the experimental valuos by an increaaing
amount. : - - -
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ANALYSIS OF PARAMETERS

In the past the interpretation of helicopter airscrew-
model data has heen made difficult and uncertailn because
of large scele effects. The megnitude of these differences
due to scale may be Judged from figure 14, which gives the
curvos of figure of merit M vs, blade-angle factor 684
for both model and full-scale condltlons. The solldlsty
chosen o0 = 0.06, 18 approximately a median value for ex~
lsting hellcopters and autogiros, and the method wusod to
obtaln the data for these curves wlll become apparcnt 1n
the subsequont discussion. It should be noted that the
Roeynolds Numbor rango of the blade tlips of existing holi-
coptors and autogiros i1a epproximately 2.5 X 10 to

3.5 x 10°.

Fortunately, tho theoretical portion of this investi-
gatlon has revealed the existence of certaln paramesters
that aro functions of scale and the values of these corre-—
sponding to any Reynolds Kumber may be obtailned from sulta-
ble airfoll tests. These alrfoll parameters are:

a, 1s the slope of 1l1ft curve for two-dimenslonal flow.

8§, minimonm profile-~drag coefficlent.

€, profile-drag variation coeffidient-

Lift—curve slope, ag.~ For two~dimensional flow the

slope of the lift curve varies slightly wlith thse Reynolds
Number and also with thickness and canber as shown in ref-
erence 4. However, inspection of this reference and fig-
ure 9 of this report, indicates that ay = 5.76 very
nearly for both model and full~scale Reynolds Number. HMHore—
over, for different airfoil profiles within the convention-
al thickness and camber ranges, the variations in a5, are
negligible. Thus, no appreciable error may be expeoted in
assuming ag = const. = 5.75.

This conclusion enables us to derive the full-scale
curve of thrust coefficlent Tg vs. blade~incidence fac-

tor €5. However, 1t should first be rocalled that flgure

10 shows an approciable discropancy between the theoretl-
cal and experimental curves for the constant lncldence
typo of rotor for €; < %.5. Oonsogquently, for the sake



22 N.A.C.A. Tochnical Note No.. 626

of accuracy, the faired experimental. valuos should bo used
over this range. For 65 > 3.5 the theoretical values of

Tg+ equation (14) must be used since beyond this point

gtalling of the model rotor blades beging to occur for the
rotor of solidity o = 0.0424. 1In order to Jjustify this
use of the theoretical values, one experimental point from
the single-blade xotor tests, o = 0.0212, 4is plotted in
flgure—10, and thig falls very close to the theoretical

curve at €5 = 4+93. In figure 15 the modified thrust co-

efficient curve thus obtalned is plotted on logarlthmic
coordinates since-this form gives approximately constant
accuracy for reading values from the curves.

As the 1ncidence of -the blades is increased & point ie
flnally reached where the blades begin to stall. In the
experliments this condition could easlly be detected by the
loud roaring noise that resulted., However, even before
the stall occurs the lift—curve departs sufficiently from
a straight line to cause appreclable divergence from the
theory and it is, therefore, necessary to determine 'this
limiting value of blade incidence. Referring to equation
(7a), we note that

P2z (0~ @) = = (8= af

8x
or
6°- 260+ a2 -2 22 _p -
x. 8
a
and £E = o + E °g
x 8

Inspection of .the derivation leading to eguation (8)
indicates that, for both constant-pitch and constant-inci-
dence raotors, stalling will first—occur at the blade tips,
l.e., x = 1, Hence, the desired limiting value of tip
incidence 1is .

. 8oy . -
8 = o + o -
8

where o 1s the absolute angle of attack (radians).
A study of the ailrfoll characteristice given in ref-

erence 4 shows that the value of w at which the profile-
lift curve departs noticeably from a stralght line, is
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about 14° for practically all airfoils having thickness
ratio not less than 0.09. Thus, for present full-scale
}ifting sirscrews, we may assume that

6, = 0.25 +  [o.25 - _
or _—_— - . = & Ea —_
: G 0.25 -l- 0.23 aro ’ A __—:-

oc. C o 8 -

The limiting valuesg of GG derived from éhe aﬁove

equation are shewn iIn figure 16 for different solidities
end sre algo indlcated in all the figure-ofqme:it CuUrves.

Profile-dragz variation coefficlent, €,~ In presenting

the experimental torque data in the form of the new coeffi- -
cient QG , mention has already besn made of the fact that

ag' = (o = 785) = £ (80 8

But -Qg' 1s composed of two parts as indicated in equations
(16) 2nd (17). These are the "induced torque"” and the Ypro~
file-=variation torque," and in the latter the quantity ¢
eppears as a coefficient. The value of thls coefficlent o
for the rotor-model tests was found %o be 1,25 as shown 1n

.. figure 11, although the airfoill tests indicated a value of

0.75. (See fig. 9.) Thig discrepancy 1s partly due to the
lower Reynolds Number 4% whlch the inner portions of the
.blades were operating and probadbly also to the large inward
radial velocity components near the tips that have been
neglgcted in the theory. To account for this differences,
‘we -may wrlte: . :

€ = K ¢!
where € is the profile torque .varigtion coefficlent
¢!, proflle drag varlation coefflclent
X = 1.@7, correlation factor
Since no sultable full-scedle test data'on lifting airscrews

are known to the writers, we shall assume that - K- is in-
dependent of scale. On this basis the full~scale value of

1
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€ may be estimated from the lower curve of figure 9 which
was obtained from reference 4 at R.N, = 3.6 X 10 for
the N.A.C.A. 0015 airfoil used in the rotor models. This
value of -t' appears to be about 0.18 and hence ¢ = 0.30
should be & falr representation of the coefficlent for ex-

istilng full-scale rotors.

In estimating the full~scale torgue coefficient Qgf,

figure 1l indicates that the the¢oretlical dato may be ox-—
pected to give good accuracy. Hence the theoretical val-
uwea for the constant-incidence rotorthave been computed.
uging ¢ = 0,3 and a, = 5.756 and yileld the torgque curve

Qs! vs. 65 given in figure 15, . .-

Variations in € with camber are greater than thoso
with thickness but in general both are small encugh to do
neglected.

Minimum profile-drag coefficient, 8.~ This coofficient
appears in the form Z%g in equations (16) and (17) and is

obviously constant -for a given rotor, The term zig ia

o
the minimum torquo and is obtained when the thrust le szeroc.
The value of § obtained from averaglng the four rotor
model tests was 0.0115 and from the airfoil tests was
0.0113, a surprigingly good agreenent,

The determination of full~scale values of 8 presents
some difficulty due to lack of agreement between the re-
sults of different wind tunnels. Recent large-scale pro-
file-drag tests made at the D.V.L. (reference 7), seem to
indicate that the values of § obtained in the N.A.C.4.
varlable—density tunnel (reference 4) are toc_high due to
tip effect and relatively great surface roughness. Untill
such divergences can be reconciled, careful Jjudgment will
be required in the estimation of § for a given alrfoil.

Hinimum profile drag ie a function of camber as well
as thickness, but since airfoils suitable for use in lift-
ing airscrews must have small cambers to prevent undue
blade twist and possible flutter, we may neglect this ef-
fecot,

Figure~of-merlt curves.- 4 study of the effects of
varying the different parameters can be nmade with the ald

of curves of figure of merit M, plotted against dblado-
incidence factor 85+ Recalling that
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p, /8
g o152
2. Q
. i ~ cTa/s ——— Ll
_1 g L R —
2 8
- + 1
25 Qo
we note that U = f (e, , 65), assuming variations in

4:0- .. . - - em—
ay %to be negliglible. '

The effect of € upon M for the congtant- 1ncidence

rofor may- be Judged from figure 16, which was computed from

the estimated full-gcale datae of table ¥Ii. <Values of ¢ .
of 0.1, and 0.5 and & range of 65 from zoro to 9 are
shown, and median values of the other parameters were used.

In this and subsequent figures the curve of ideal figure of

merit My, is included for comparison.

It 1s interesting to note that € has practically no
effect up to 6g = 1.5. However, at 65 = 4.8, which is

the upper limit of ay = 5.75, for O = 0.06  an apprecila-

ble divergence is evident. The curve ¢ = O.1 will doubt-
less never be reached unless very much larger rotors than
now exlst are developed, whereas € = 0.5 1s representa-
tive of small rotors such as might be used as test models
in & large wind tunnel.

In figure 17 similar curves are. shown for § = 0.006,
0.009, and 0,012, computed for the median full-secale value
€ = 0.3. Here the lowest value of & represents a large
rotor with a thin blade profile, and the highest, a small
rotor with a thick profile. The value & = 0.009 repre=
sents the probable full-scale medilan. Gomparison of fig—
ures 16 and 17 shows that for 6g > 3.5, € has a greater

effect on M than &, whereas for 645 < 3.5, the reverse
1s true. :

An ildes of the effect of blade twist on M can be ob-
tained from figure 18 for the two cases €& = constant and

8 . .
8 = 73 (constant pitech). Since no suitable experimental

date are avallable for the constant-pitech airscrew of con~
stant chord and profile, 1t was necessary to compute the
curves of figure 18 from the theorstical thrust and torque
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equatlions. The relagtive values of M for the two types
of blade should be given reliably by these curves. It
will be noted that the vercentasge increase in M of the
constont-pitch rotor over that for the constant-incldenco
rotor is greater for small values of ©6g and tho ratio of

the wvaluocsg of Myax 18 about 1.07.,

The thoorotical 1ldeal figure of merilt MI, for the
constant-pitch rotor has already beern shown to be a con-
stant and oqual to unity. For - tho constant-incidence ro-
tor, My, 1s not exactly constant, but incroases slowly

with 6. Thig variation is so small, however, that My =

0.94 = constant may be considered a satisfactory ropre-
sontation. The curve of Mg calculated from the modiflad
data of tableo VII is included in the filgure and shows a
largo doviatlon from thlis theoretical value at small yal—
unos of 96‘

In connection with figure 18 1%t should, of courso,
bo koept in mind that tho curve p = constant reprosents a
difforont blade twist for each value of- €g5. If the bladecs

were merely turned as a whole without chango of twiset, the
‘valuos of M wéuld lle somowhare between the two curves.

The foregoing analysis of the offect of changlng tho
blande parcmeters clarifles somewhat this phase of the 1ift-
ing airscrew problem. However, there still remains a need,
for more conslstont and extenslve large-scale data on the
characteristica of airfoile suitable for 1lifting airscrews.

Heving established fullwgcale wvalues of the paragmeters,
it is now possible to construct a genoral figure-of-mortt
chart from which, togother with filgure 15, the hovering
characteristics of any constent-chord and incidence-liftling
ailrscrow can be quickly derived. This chart is shown in
figurc 19 and is bamed on the following parametric valuos:

Ry = 5.75
€ = 0.3

= 0,006 and 0.012

[»]

=0 %o 3.2 - - o

.
Q
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The narrow cross—-hatched band in thig figure represents
the region of M _ (limit of &, = 5.75) for different val-

ues of 8 &and 0. Thls region indicates the slgnlflcant
fact that the "lifting efficlency" of all rotors of this
type will be very nearly 0.80 with extreme deviations of
*0,04. The most efficlent rotor for hovering fllight should
obviously have a large sollidity and a small-blade profile |
drag, but the small solidity rotors essential for efficient
forward motion would not be greatly inferior when hovering.

As n matter of theoretical interest the curves of MI

and Z%E = 0 are included in this chart, and all the curves

are carrled up to 65 = 9 for the same reason. In thia

connection it will be noted that the full-scale limit of
ag = 5. 75, 1l1l.8., a = 14° , onables the maximum va%gq_gf

M to be vory ncearly reached ln most cases. _. .
HOVERING-FLIGHT PERFORMANCE

The hovering-flight performance characteristics of any
hollcopter may be readlly determined by the. simple method
developed by Glauert in reference 2. This method has been
gornevhat modified by the writers and has been reducod to
two simple charts from which altitude porformance c&an be
engily calculated.

Tha figure of merlt may be axpressed as

1T 2T TR -
=L . N . (19)
209/ pmR o . S .

nhoro Q 1is the power requlred. And by analogy we may
write: . )

1 ¥
N == == 20
2 P! (20)

vhere P!

I
=3
v}

is the power avalladle at rotor
P, power of motor
N, efficiency of drive system

and W, woight
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The fmctor N 1is very nearly unity for ordinary pro-
pulsive airscrews, but for the 1lifting alrscrew 1t will
vary conslderadbly, depending upon the type of drive used.

From the above expressions, 1t 1s at once apparent
that for hovering flight at a glven altitude

¥ . E!
] QQ

which 1ls the ratio of power avallable to power requlred,
ang that hovering flight 1s therefore posslble only when
it = ¥,

The expresslon for M also shows that for a glven
thrust, the power roquired will be inversoly proportional
to the redius R of the rotor and, consequently, for max-
imum econcmy the rotor should be as large as possible.

Using the subscript zero to denote sea-lovel condi-
tlons,

M P! P '
o= 5/ 52 = £ (E) £ (R) (21)

and adopting the reiationships for power and denglty varle-
tlon with altitude given by Diehl in reference 8, figure
20 has been prepared by plotting M/N, vs. H,.

Since for hovering flight- M = N, the following rela-
tionships at sea level may be obtained from equation (20):

() -

In thls equation two loading factors are apparent and these
willl be cdeslignated as

Ny
o)
(o]

(22)

d
|

- .
(————) = 1., the "ideal effoctive! power loading
MP T, P

(-Er =1, the rotor disk loading
*nR 8

Thus equation (22) becomes
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anc¢ this relationshlp 1is.plotted in figure 21 in terms of
englneering units.

. The concept of an "ideal effective! power loading is
useful 1n that 1+t makes possible the simple relgtlionship
of equation (23) and the single curve of figure 21, which
s perfectly general. The form of thils fictitiouws power
loadinz shows that 1% merely signifies a higher valus for
actual rotors and, therefore, an inferior performance as
compared with the ideal case of My = 1.

The power ratlo for hovering fllght may now bde ex~
pressed in terms of the loading factors as follows: .

M. 1 /TPq e _ (24)
¥o 1p/ 1g L

Determination of the rotor tip speed can be made quite
sinmply. If we write that

T _ W _ _9Ig"
P! P'" QR Qg

(1) oo,

M_Ejf/ QR Qg
: 1 T 3/8 .
but remembering that M = 3 Gé , ~we obtain
o : :
2
QR = (25)
o1, T/ -
and slince for a given rotor and blade angle, ¢ and Tg

are constant, the tlp sveed ies inversely pronortional to the
"ideal effective" power 1oading. .

Altitude performgnce calculationg.- The following sim-—

pPle expregslons, converted to engiqeeyggg units, enable the
calculation. of ‘the performanpge parameters by means of whilch,
with the curves of figures 20 and 21, the hovering perform-
ance characteristics of eny helicopter may be determined.
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w
= gy . . .A.
Lp (MﬂP) in 1b. per hp (4)
v
Lg C;EED in 1b. per sq.ft. (B)
M 38
T = TTo=17E . (c)
NO Lp LS - R
QR = 11001/3 " in ft. per sec. ] (D)

Tho following example is included to show how the
method is used. - Since adequate data on recent constant-
chord. helicopters are not available, the C 30 autogiro has
been selected for this purpose. This machine has the fol-
lowlng approximate characterlistics:

Rotor radiwe, R . . . . . . . . . . 18,5 f¢t.
Normal loaded weight, W . . . . . 1,800 1b.
Aggumed effective power, P! . . . .. 120 hp.
Solidity, I A 0.05
Minimum profile-drag coefficient, § 0,008

l, 'The value of M can be determined from figure 19,
since 2%3 = 0.8, and is soen to be 0.8l at a blado inci-

dence factor of ec = or a blgde incidence of

7

= 20.1°

2+ The sea~lsvel minimum loading factors willl Yo

1800 )
Il = < : ) = 18.5 1bn er h .
Pl 0.81 x 120 P P
1 .
Ils = —""8"9'95' = 1.68 1b. Per Sq-ft-

1 m 18.5
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3. The power ratio-from equation (C) is

X _ 38_- = 1,59

1/8
No 18.5 x (1.68) /

4, Tho absolute celling for hovering flight can be
obtained immediately from figure 20, as lndlceted Dby the
dotted lines, and is '

H, = 8,700 feet for ﬁL = 1.59
(o]

5 The maximum load that can be sustained at sca level
(noglecting ground eoffect) 1s obtained by noting in figure
21 that the upver 1limit of digk loading Lsa' which occurs

at Lpl = 18.5, 1s 4.2 and, therefore, L
L, % | =
Wpax = == Wpip = =22 x 1,800 = 4,500 1b.

L. =in = 31,68
1 .

6e The minimum rotor power required at sea level (neg-
lecting ground effect) is also obtained from figure 21 in a
similar fashlion by noting that the upper limlt of power
loading LPa’ which occurs at le = 1l.68, is 29.3, and

therefore,

P 18.b . : N
1 1 1 el Y T T
Pmin = E;;- Pmax = 59.3 120 = 76 hpo - o

7« The rotor tip speeds corresponding to the maximum
and minimum losdings are obtained from equation (D). The
thrust coefficient must first be obtained from flgure 15
and for o = 0.05 1is found to be 9.0. Thus, for L =

By
18.5 corresponding to Voex = 4,500 pounds.
OR = 1100 = 396 ft. per sec.
18.5 x 0.05 x 9% :
and for L, = 29.3 corresponding to. Wy3, = 1,800 pounds.
—a . -
QR = 1100 = 2560 ft. per sec.

29.% X 0.05 x 9%
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CONCLUSIONS

The following concluslons can be drawn from the re-
sults of this investigation on the lifting alrscrew:

l, The vortex concept used in deriving the expression
for the axial induced velocity ylelds results identical
wlth those obtained by the use of the momentum equation.

2. The experiments amply verify the theoretical con-
cluslon that the solidity can be eliminated as a separate
Parameter insofar as thrust and torque are concerned if the
minimum torque is gudbtracted from the total torque.

3. The experiments verify the assumption that for a
€iven solldity the results are independent of the numdber of
blades,

4, The theoretical equaetions &igclose the oxistence
of cortaln alrfoll parameters with the aild of which scalo
offoct can be accounted for quite simply. -

5« Goneral full-scale curves of thrust and torque for
the congtant chord and incidence rotor can be estimated .
with roasonable.confidencoe by a judlcious comdlnation of
the theorotical and experimontal data of this report.

6« In goeneral, it appears that—the optimum figure of
merlt for the full-scalo constant chord and incidence rotor
may be taken as 0,80, and for the constant chord and pitch
rotor as 0.85 with a probadble maximum orror for extreme
casos of not more than *0,04.

7« Hollcopter hovering-flight performance can be rapid- -
ly dotermined. by means of the two simple ceiling and londing
charts of this report when the flgure of merit and thrust
coofficient are known.
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2-blade rotor, o = 0.0424

6° Crp GQ GQ' Ty Qr W' €
0 0.000108 |0 0 1,41 0. 0.

1 +»000280| .000111)] .000003 .156 | 1,45 . 04 41
2 .0008731 .000125| .000017 «485 { 1,64 23 .82
4 00248 .000191| .000083 | 1,38 2,560 1.09 1,65
6 « 00442 .000316 | .000208 | 2.46 4.14 2,73 2.47
8 +00650 .000494 | ,000386 | 3.61 6 .47 5,06 3,29
10 »y 00847 .000691| .,000583 |4.70 9,06 7.65 4,11
iz «+00990 .000878] .000770 |5.50 [PL1l.50 [10.09 4,94

TABLE II
Helicopter Model Teasts -~ Static Thrust
3~blade rotor, O = 0.0636

€° Crp Cq cq' To s Q' | &4

0 0.000185 |0 0 0.71L | O o]

2 00102 ,000206 . 000021 .252 +80 .09 .55
4 «00298( .000300 .000115 736 | 1,16 .45 1,10
6 .00548 | ,000474 .000289 | 1435 1,84 1,13 l.64
8 . 00833'] .000735 .000550 | 2,06 2.85 2.14 2.20
10 «01125| .00104s8 .000863 | 2.78 4,06 3.35 2,74
l2 .01370} .001357 ! .001172 | 3.38 5.26 4,55 3.29

1
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TABLE III
Hdelicopter Hodel Tests - Static Thrust
4-blade rotor, o = 00,0849
6 Cop GQ GQ' T QU QU' Gc
o] 0 0.000268 0 O.44 | O 0
1 . 000287 .000274 000006 + 040 .45 .01 21
2 . 001042 » 000300 .000032 145 49 .05 41
3 « 00214 .000338 .000070 . 297 .55 .11 62
4 " 400338 . 000410 .00014.2 469 .87 23 .82
5 00473 . 000499 .000231 «8655 .82 38| 1.03
6 «00645 .000620 .000352 .895 | 1,01 .57 1.24
7 «00792 .000743 000475 [ 1,10 l.21 77 1.44
8 «00981 .000920 .000652 ] 1,36 1.50 | 1,06 | 1.65
9 «01182 .001162 .000894 | 1.64 1.90 |1.,46} 1.85
10 .01382 .001395 .001127 | 1,92 2.28 | 1,84} 2,06
11 .01596 .,00171 .00144 £.21 2.7§ 2.35| 2.26
12 01745 .00191 .00164 2.42 |3.12 |2.68| 2.47
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TABLE IV

626

Helicopter Model Tests - Static Thrust

36

5~blade rotoxw, o = 0.1061

ge° Cop Cq Cq' Ter A Q' | &g

o |0, 0.000238 |0 0 0,200 | O 0

2 001181 | ,000270 | .000032 . X056 .226 . 026 33
4 00362 .000396 | .000158 322 .332 132 «66
6 . 00694 | ,000680 | .000442 .616 87 « 37 +99
8 +01103 «001086 | 000848 . 981 « 91 . 71 1432
10 «»01548 .001635 | ,001397 | 1,373 | 1,37 1.17 1,64
l2 0200 .00228 .00204 1.776 | 1.91 1.71 1,97
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TABLE V

N.A.C.A. 0015 Profile Characteristics

6~ by 72-linch airfoil R.N. = 242,000
(Position 4)

% Cy, GDO o GDO
12.65 0.873 0.0911 0.0798
11,55 .906 .0504 ,0391
10.60 .899 .0%83 .0270

8.70 - .830 .0284 .0171

6.95 711 .0222 .0109
5. 30 .534 0172 .0059

3.65 .351 .0131 .0018
1.95 .185 .0113 0

.25 .026 .0113 0
~1.45 ~o128 ,0102 -.0011
-3,10 o302 .0136 .0023
~d .75 -.501 .0165 .0052
—6.40 -.693 .0205 " .0092
~8,10 -.821 .0265 .0152
~9.95 -.915 .0350 .0237

-10.90 ~,948 .0413 .0300
-~11.90 ~-.939 .0710 .0607
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TABLE VI
N.A.C.A. 0015 Profile Characteristics
6~ by 72-inch airfoil R.N. = 242,000

(Position B)

gy Cy,. cDo AGDO
12,00 0,955 0.0548 | 0.0438
11,00 .944 .0387 .0274
10,05 .909 ,0331 .0218
8.25 .819 -+ .0262 .. .0149
6.55 .663 .0210 .0097
4.90 .475 .0160 . 0047
3,20 . %04 .0132 .0019
1,55 .143 L0117 .0004
~¢20 -,012 ,0113 0
—1,85 ~a174 .0121 .0008
~3.55 ~.351 .0141 .0028
~5,15 ~.561 .0177 0064
-6 .80 o734 .0226 .0113
~8.60 -.831 © .0286 +0173
-~10.50 4,905 ..0397 .0284
~11.45 ~.910 .0533 ,0420
~12.55 ~.870 .0968 .855
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TABLE VII
Helicopter Static Thrust

Full-scale data (est.)

& = const., B = m, ay, = 5.75

6, o Cg;f?. Qdi . 303.3 Ug
0 *0 0 0 0 -

.5 *,212 . 005 .a72 .074 0.680
1 *.638 .040 . 341 .353 748
2 *1,83 .265 1.42 1.50 .874
3 *3,20 .754 3.13 3,36 .914
4 4,65 ~ 1.54 5.38 5.84 .930
5 6.14 2.67 8,09 8.89 .936
6 7.64 3.70 11,28 12.39 .936
7 9.18 5.33 14.84 16.44 .936
8 10.74 8,13 18.30 20.74 -

9 12.34 10.71 23.05 26.25 | .938

*Points taken fraom falred experimental data on four rotors.
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TABLE VIII
Helicopter Theory - Static Thrust
& = const., ’ B = o, ag = 5.75
€ = 0.3, S« 0.6
4c®
Q
85 Tq Gg;fg. Q.Gi E Z'UO.S : 0.6 M My
0] 0 0. 0 0 0.600 |0
«5 .263 .005 072 .074 674 .100 0.938
1 « 739 . 040 341 + 383 .953 .334 ,935
2 .02 « 265 1.42 1.50 2,10 .634 ,937
3 3.26 . 754 3.13 3,386 Z2.96 .745 ,943
4 4,67 l1.54 5,38 5.84 6.44 .785 .940
5 6,14 | 2.67 8,09 8,89 9,49 .807 .945
6 7.64 3,70 11,28 12.39 12.99 .813 .938
7 9.18 5,33 14.84 16.44 17.04 .816 .937
8 10.74 8,13 18.730 | 20.74 21,34 - -
9 12.34 |10,71 {23.05 26.25 26.85 .806 ,939
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TABLE IX

Helicopter .Theory = Statlic Thrust

p = const., B = o a, =5.75
€ = 0.3 Z%E = 0.6
To °§§ff' oy % _égqg 0.6 X
. € =0,3 |40
0 o) 0 0 0.600 [0
. 475 .013 .159 .163 .763 .214
1 1,259 .093 .706 734 | . 1.334 .521
2 3,18 .610 2,84 3,02 3.62 .782
3 5.30 1.70 6.12 6.63 7.23 .843
4 7.53 .44 |10.39 11,42 12.02 .859
5 9,85 5,87 15.52 17.28 17.88 .865
6 12.20 9,00 21,40 24,10 24.70 .865
7 14,61 12,93 28.00 31,88 32,48 .860
17,04 17.60 35.3 40,58 41.16 .856
19.51 23.00 43,1 50,00 50.60 .851
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Figure 4.~ Three-bladed rotor mounted Figure B.-— Rotor model mounted on blade
on wind tunnel balmnoe. inoidence jig.

Tigure 8.~ Upstream view of airfoll model mounted for foroe tests in
9 ft. wind tunnel.
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